Attempts to identify and classify distinct potyviruses and their strains have frequently been hampered by the presence of variable proportions of cross-reacting antibodies in antisera. Investigations of reactivities in electroblot immunoassays of 11 polyclonal antisera raised by injection of intact particles of potyviruses produced in different laboratories with 12 distinct potyviruses showed that such cross-reacting antibodies were directed towards the homologous core protein region of potyvirus coat proteins. A simple method was developed to obtain virus-specific antibodies using affinity chromatography. It involved removal of the surface-located, virus-specific Nterminal peptide region from particles of one potyvirus using lysyl endopeptidase, coupling of the truncated coat protein to cyanogen bromide-activated Sepharose gel, and passing antisera to different potyviruses through the column. Antibodies that did not bind to the column were found to be highly specific.
INTRODUCTION
Of the plant virus groups, the potyvirus group is the largest and the most economically important (Hollings & Brunt, 1981 a) . It contains at least 152 definitive and possible members (Matthews, 1982; Francki et al., 1985) which account for about one-quarter of all plant viruses.
Furthermore, potyviruses exist in numerous strains or pathotypes which differ mainly in biological properties, such as host range or pathogenicity (Hollings & Brunt, 1981 b) . Members of the group are characterized by long, flexuous filamentous particles, a single protein species of Mr 30K to 35K, a single molecule of single-stranded RNA of Mr 3"0 x 106 to 3.5 × 106, production of 'pinwheel' cytoplasmic inclusion bodies and non-persistent transmission by aphids (HoUings & Brunt, 1981b) .
Among the various properties used in the past for the identification and classification of potyviruses (Hollings & Brunt, 1981 b; Shukla et al., 1988 a) , serological tests appear to offer the most practical method for establishing the identity of a new isolate (Moghal & Francki, 1976 , 1981 Hollings & Brunt, 1981 b) . However, serological relationships among distinct members of the potyvirus group are extremely complex. It has been suggested that there is no simple pattern of antigenic relationship among members in the group and serological relationships often do not correlate with biological properties (Hollings & Brunt, 1981 a; Harrison, 1985) . HoUings & Brunt (1981b) noted that although most definitive members are serologically related to at least one other member in the group and in many cases to several others, the expected serological relationships between many connected pairs have not been observed. For example, bean yellow mosaic virus (BYMV) has been found to be related to lettuce mosaic virus (LMV) and bean common mosaic virus (BCMV) but no serological relationship has been observed between LMV and BCMV. Hollings & Brunt (1981 a) stated that different strains of one potyvirus may be as 0000-8439 © 1989 SGM distantly related to one another as they are to other potyviruses. On the basis of such observations it has been suggested that unless considerable caution is used in the interpretation of serological data, serology may be a misleading approach for tracing relationships among potyviruses (Moghal & Francki, 1976; Francki, 1983) .
Although some assumptions have been made to explain the complex nature of the serological relationships among potyviruses (Francki et al., 1985) , we believe that this complexity will only be resolved by a thorough understanding of the variation in coat protein structure of potyviruses. Recent investigations on coat protein structural characterization of potyviruses have demonstrated the following. (i) Coat protein sequence data can be used to discriminate distinct viruses and strains of the potyvirus group. Distinct members possess a coat protein sequence homology of 38 to 71~ with major differences in length and sequence of their N termini, whereas strains of individual viruses exhibit a sequence homology greater than 90 ~ and have Nterminal sequences that are very similar (Shukla & Ward, 1988a; . (ii) The degradation of virus particles known to occur during purification and storage (see Francki et al., 1985) involves gradual removal of the N and C termini of their coat proteins (Shukla et al., 1988b) . (iii) The N and C termini of coat proteins, as they appear to be located on the particle surface, can be removed from the intact particles by mild enzyme treatment and their removal apparently does not affect the infectivity or morphology of virus particles Shukla et al., 1988b) . (iv) The N terminus constitutes the most immunodominant region of potyvirus particles (Shukla et al., 1988b) . (v) Virus-specific epitopes are located in the N terminus whereas potyvirus group-specific epitopes are contained in the core protein region (devoid of N and C termini) Shukla et al., 1988b) .
On the basis of these findings we have developed a novel approach to serology of potyviruses that has the potential to resolve the present serological complexity in the potyvirus group.
METHODS

Viruses.
The potyviruses used are listed in Table 1 . BYMV, clover yellow vein virus (CYVV), passion-fruit woodiness virus (PWV) and pea mosaic virus (PMV) were propagated in Phaseolus vulgaris, Johnson grass mosaic virus (JGMV) and maize dwarf mosaic virus (MDMV) strains in Zea mays cv. Gold Cup, potato virus Y (PVY) and tobacco etch virus (TEV) in Nicotiana tabacum cv. Samsun NN, soybean mosaic virus (SMV) strains in Glycine max cv. Williams and sweet potato feathery mottle virus (SPFMV) in lpomoea nil cv. Scarlet O'Hara. All transmissions were done by sap inoculation and the plants were maintained in an insect-proof glasshouse at 20 to 24 °C. Viruses were purified by clarification of sap with chloroform and carbon tetrachloride, one cycle of differential centrifugation (Gough & Shukla, 1981) and sucrose~aesium sulphate density gradient centrifugation. Table 1 .
Strain
The density gradient was formed by mixing 44.15 g of 60 ~ sucrose, 5.32 g of 60~ caesium sulphate and 3-73 g of 0-05 M-sodium borate~).01 M-EDTA pH 8.0 to give a solution with a final density of 1-33 g/m1. The above mixture (6.65 g) was placed in the Beckman SW41 rotor tube and the rest of the tube was filled with the resuspended virus preparation. The tubes were centrifuged at 150000g for 17 to 18 h at 5 °C. Virus particles were collected and pelleted by centrifugation in a Beckman 60Ti rotor at 190000g for 1 h and resuspended in borate buffer.
Antisera. Antisera to the potyviruses used were provided by the colleagues mentioned in Table 1 . They were produced in rabbits immunized with intact particles of potyviruses except one antiserum to JGMV which was raised against the dissociated core protein of the virus (Shukla et al., 1988b) .
Preparation of coat protein core. The basis of the method described here is the observation that the N and C termini of coat proteins of potyviruses are located on the particle surface and can be removed by mild trypsin treatment (Shukla et al., 1988 b) . The sites where the trypsin cleavage occurs for those potyviruses examined were the lysine residues equivalent to position 30 or 32 and the arginine residue equivalent to position 248 in PVY (Shukla et al., , 1988b . One should therefore be able to remove selectively either the N or C terminus by using lysine-or arginine-specific proteases, respectively. On the basis of this information we removed the coat protein N-terminal peptide region from intact particles of purified MDMV-A by incubating 10 mg MDMV-A in 0-05 Mborate buffer pH 8-0 with 6 ~tg lysyl endopeptidase (Wako Chemicals, Dallas, Tx., U.S.A.) per mg virus for 30 min at room temperature. This enzyme-virus ratio was sufficient to remove the N-terminal peptide region completely as judged by SDS-PAGE. After incubation with the enzyme virus particles were centrifuged at 500000g for 15 min at 5 °C and resuspended in borate buffer. The resuspended enzyme-treated virus particles were dissociated with formic acid. For this purpose the virus preparation was made to 60~ formic acid and allowed to stand for 1 h at room temperature. The mixture was centrifuged at 12000 r.p.m, in an Eppendorf bench centrifuge, model 5412, for 5 min to remove insoluble material (D. D. Shukla & L. G. Sparrow, unpublished method) and the solution containing the isolated coat protein (minus the N-terminal peptide region) was dialysed against three changes of 0.1 M-NaHCO 3 pH 8.3 containing 0.5 M-NaC1 (coupling buffer).
Affinity chromatography. Freeze-dried CNBr-activated Sepharose (1 g; Pharmacia) was swollen and the viral protein preparation (5 ml) was coupled to the gel according to the manufacturer's directions. Antiserum (100 i11) was washed through the column with 20 ml BLOTTO (5~o non-fat milk powder in water containing 0.1~ Antifoam A; Sigma) (Johnson et al., 1984) . The affinity column was regenerated by washing with 20 ml of glycine-HC1 pH 2.8 (Johnson & Garvey, 1977) , 20 ml of the coupling buffer and 20 ml of BLOTTO. Antibodies that did not bind to the column were collected and used in immunoassay.
Electro-blot immunoassay (EBIA). EBIA was performed after SDS-PAGE of purified virus preparations using nitrocellulose strips and horseradish peroxidase-conjugated second antibodies according to the manufacturer's directions (Bio-Rad) as previously described (O'Donnell et al., 1982; Hewish et al., 1986) . About 5 ~tg of each virus preparation was used per slot of the gel and the antisera were diluted 1 : 1000 in BLOTTO before use. The Bio-Rad prestained standards for marker proteins were phosphorylase b (Mr 130K), bovine serum albumin (75K), ovalbumin (50K), carbonic anhydrase (39K), soybean trypsin inhibitor (27K) and lysozyme (17K). The marker proteins for Bethesda Research Laboratories standards were myosin H chain (200K), phosphorylase b (97.4K), bovine serum albumin (68K), ovalbumin (43K), cc-chymotrypsinogen (25.7K), fl-lactoglobulin (18.4K) and cytochrome c (12.3K).
RESULTS
Reactivities in EBIA of the 11 unfractionated polyclonal antisera to intact particles of 12 distinct potyviruses ( Fig. 1 and 2 ) are summarized in Table 2 (Fig. 1 b) , MDMV-B (Fig. 1 c) , MDMV-O (Fig. 1 d), TEV (Fig. l f) , BYMV (Fig. 2a) and PMV (Fig. 2b) showed very broad cross-reactivities and reacted with almost every potyvirus tested with, in most cases, a medium to very strong reaction. The second type was the intermediate pattern shown by antisera to PVY (Fig. 1 e), CYVV (Fig. 2c) and SMV-Ia (Fig. 2d) which gave a medium to very strong reaction with only a few viruses and a weak, or no reaction, with other viruses. The third type was the very specific response shown by antisera to PWV (Fig. 2e) and JGMV (Fig. 2f) which recognized only homologous viruses.
The reactivity (Fig. 1 a, Table 2 ) of antiserum raised against dissociated JGMV core protein was very similar to that shown by the type 1 group of antisera, particularly MDMV-A, BYMV Table 2 . and TEV. Thus, it seemed likely that their broad specificity was due to the presence of antibodies directed towards common internal sequences. This was shown to be the case. Affinity adsorption, which removed all antibodies except those directed towards the N-terminal region of the coat protein, converted broad specificity type 1 antisera into highly specific type 3 (Fig. 3, Table 2 ). For example, affinity-adsorbed antibodies to MDMV-A (Fig. 1 b) and PVY (Fig. 1 e) reacted only with their homologous viruses (Fig. 3 a, b) and adsorbed antisera specific for the N-terminal regions of MDMV-B (Fig. 1 c) and TEV (Fig.  l f ) gave very strong or strong reactions with only MDMV-B and TEV (Fig. 3c ) and TEV and MDMV-B (Fig. 3d) , and a weak reaction with M D M V -A and PVY (Table 2) .
Reactivities* of polyclonal antibodies in electro-blot immunoassay
The lower Mr bands seen reacting with different antisera in Fig. 1 , 2 and 3 are degradation products of the coat proteins, whereas the higher Mr bands represent coat protein dimers which are serologically similar to the corresponding coat protein monomers (Shukla et al., 1988 b) . The weak bands of marker proteins in lane 1 of some figures reflect lower loading of the prestained standards.
DISCUSSION
The results presented in this paper show that many antisera to intact potyvirus particles contained cross-reacting antibodies to potyviruses which have been shown previously to be very different biologically and serologically ( Fig. 1 and 2) . These cross-reactive antibodies appear to be directed against epitopes located in the internal core region of the coat protein, a region that exhibits extensive sequence homology among distinct potyviruses (Shukla & Ward, 1988a; Shukla et aL, 1988b) . Substantial variation was observed in the specificity of the 11 antisera to intact particles used in the present work. On one hand, antisera to PWV and JGMV recognized only their homologous viruses suggesting the lack, or the presence of very small populations, of antibodies to the core protein region in these antisera and, on the other hand, antisera to MDMV-O, TEV and BYMV reacted with all 12 potyviruses tested ( Table 2 ). As the antisera were produced in different laboratories such variation in their specificities may be due to either of two factors.
First, the state of the purified virus preparation used for immunization may have affected the results. It is known that the N and C termini of coat proteins of potyviruses are degraded during purification and storage by enzymes of plant or microbial origin which cosediment with the virus particles (Shukla et al., 1988b; Francki et al., 1985) . The degradation is faster with some viruses than with others (Moghal & Francki, 1976; Hiebert et al., 1984) . Storage of a purified preparation of TEV at 4 °C was found to convert the coat protein from Mr 32K to 26K (Hiebert et al., 1984) amounting to complete removal of the N and C termini (Shukla et al., 1988 b) . The usual practice in different laboratories is to use the same preparation of purified virus for successive immunizations. Since the N-terminal region contains the virus-specific epitopes (Shukla et al., 1988 b) , its removal from particles in situ would gradually result in virus particles containing only non-specific epitopes. This can be prevented either by using a freshly purified virus preparation for each immunization or by adding a mixture of enzyme inhibitors to the purification buffer (Ehlers & Paul, 1986) .
Second, immunization procedures may have had an influence. There is considerable variation in the literature as to the number, interval and route of injections, and the amount of the antigen administered when producing an antiserum to plant viruses (Van Regenmortel, 1982) . Although there is little reliable information available concerning the relative merits of different immunization procedures, these are very likely to affect the reactivities of the antibodies produced. Large differences in the reactivity of antisera taken at different stages of immunization of the same animal have been reported (Koenig & Bercks, 1968) ; antisera from early bleedings contain specific antibodies whereas cross-reacting antibodies begin to appear in later stages of immunizations (Van Regenmortel & yon Wechmar, 1970) . Our investigation of two potyviruses gave similar results. First and second bleedings (obtained after three and five injections, respectively, of 1 mg virus/injection) from a rabbit immunized with intact JGMV particles (Shukla & Gough, 1979) contained mainly antibodies to the N and C termini and very few to the core protein region whereas the final bleeding (obtained after a total of seven injections) contained a high proportion of antibodies to the core protein region (Shukla et al., 1988b) . Similarly, the first bleeding from a rabbit (obtained after 4 weeks of immunization) immunized with MDMV-A was found to be specific for the virus whereas three later bleedings obtained after 8, 11 and 13 weeks reacted with biologically and serologically distinct potyviruses (Shukla et al., 1989) .
The presence of antibodies directed to the highly conserved core protein region would always interfere in the detection and the establishment of serological relationships between potyvirnses. This problem can be overcome by the use of antibodies that are directed to the virus-specific Nterminal peptide region of the coat proteins (Shukla et al., 1988b) . Our results show that the simple affinity chromatographic method described here can be used to isolate virus-specific antibodies to potyviruses (Fig. 3, Table 2 ). The virus-specific antibodies obtained by this affinity column procedure have been shown to recognize all strains of individual potyviruses tested (Shukla et al., 1989) . This suggests that such antibodies may be more useful in the detection of potyvirnses and their strains than monoclonal antibodies whose specificity could be affected by minor sequence changes.
The reason for the unexpected cross-reaction between MDMV-B and TEV when affinitypurified antisera were used is not known. MDMV-B is a strain of SCMV (Shukla et al., 1989) and shows little amino acid sequence homology with the N-terminal region of TEV (Allison et al., 1985; D. D. Shukla, unpublished results) . A similar 'paired' serological relationship also exists between JGMV and water-melon mosaic virus II (WMMV-II) (Shukla et al., 1988 b) , and between several other members of the potyvirus group (HoUings & Brunt, 1981 a, b; Walkey & Webb, 1984; Harrison, 1985) . In the case of JGMV and WMMV-II it was found that the removal of the surface-exposed N-terminal peptide region abolished their relationship when examined in EBIA (Shukla et al., 1988 b) suggesting that the common epitopes may be located in the N termini of the coat proteins. However, as with MDMV-B and TEV, there is very little similarity in the N-terminal amino acid sequences of the two coat proteins and Shukla et al. (1988 b) suggested that the N termini of the coat proteins of viruses involved in paired serological relationships may form similar tertiary structures or that these paired viruses have common internal epitopes whose conformation is affected by the removal of the N-terminal region. Such antibodies would not be removed by affinity adsorption with enzyme-derived core protein, nor would they react in EBIA with enzyme-derived core protein (Shukla et al., 1988b) .
Recently, in a detailed analysis of all available coat protein sequences (including additional unpublished data for SCMV-SC), Shukla & Ward (1988b) observed that while the N-terminal regions of distinct potyviruses do not show extensive sequence homology, closer inspection reveals some common sequences if the N-terminal ends are aligned and major gaps are introduced. The SCMV-SC sequence was found to contain a region that is identical to the N terminus of TEV-HAT at residues 2, 3, 4, 5, 6, 7, 8 and 11 and is large enough to form a cross-reacting epitope. However this region also shows high sequence homology with TVMV (Domier et al., 1986) for which no paired relationship with TEV or SCMV has been reported. Systematic epitope mapping of overlapping synthetic peptide fragments (Geysen et al., 1984 Although we bound the core protein of only one virus (MDMV-A) to the affinity column to obtain virus-specific antibodies from antisera to four distinct potyviruses, we believe that better virus-specific antibodies would be obtained if homologous core proteins were used in the affinity column. In this way antibodies directed against internal or C-terminal epitopes that are different to those of the column-bound virus can co-elute with virus-specific antibodies, as has been found here with the affinity-purified antibodies to MDMV-B and TEV which also reacted, although only weakly, with MDMV-A and PVY, respectively (Table 2) . Some potyviruses have an arginine residue instead of lysine at the lysyl endopeptidase cleavage site in the N-terminal region of their coat protein (Shukla & Ward, 1988b) . Therefore, for such a potyvirus, and for potyviruses whose coat protein sequences are not known, it will be necessary to use trypsin instead of lysyl endopeptidase.
